The archaeological record shows that turquoise was widely mined and highly valued by pre-Hispanic societies in the southwestern United States, and it has long been assumed that much of the turquoise noted in ancient Mesoamerica was traded from this region. However, little is understood about the acquisition and exchange of turquoise by Native American societies because the geological sources of most turquoise artifacts from archaeological sites in the southwestern U.S. and Mexico are not known. We evaluate the potential for Pb and Sr isotopic ratios to indicate the geological provenance of turquoise artifacts recovered from these regions. Pb and Sr isotopic measurements were made on 137 geological samples of turquoise from 19 mining districts across the southwestern United States and northern Mexico. These data reveal that isotopic signatures of turquoise deposits vary geographically according to regional and local differences in the geologic settings of turquoise mineralization. As an archaeological case study, we also report Pb and Sr isotopic data on 10 turquoise artifacts recovered from three late pre-Hispanic (ca.
INTRODUCTION
Most North American turquoise deposits are in the southwestern United States and northern Mexico (Pogue, 1972; Sigleo, 1975) . However, turquoise artifacts have a much wider distribution in the archaeological record, sometimes appearing hundreds or thousands of kilometers away from known mines (e.g., Berdan, 2012; Pepper, 1909; Saville, 1922; Windes, 1992) . The importance of turquoise to ancient societies is inferred by its presence in extraordinary archaeological contexts, such as caches, structural foundations, and burials. For example, at Pueblo Bonito, the largest Great House in Chaco Canyon, New Mexico (ca. A.D. 850-1100), archaeologists recovered over 50,000 turquoise artifacts from a single mortuary crypt (Mathien, 2001; Pepper, 1909; Plog and Heitman, 2010) . In Mesoamerica, turquoise is also reported in high-status burials (e.g., Weigand, 1992) , and during the Postclassic period (A.D. 900-1521), it became a preferred component of elaborate mosaic masks, shields, and other ceremonial and status objects, especially among Aztec royalty (e.g., Berdan, 1987; McEwan et al., 2006; Berdan, 2012) .
Despite the cultural significance of the mineral, the sources of most turquoise artifacts from archaeological sites across the southwestern U.S. and Mexico are not known, although oral his tories of Native American groups sometimes identify particular turquoise sources as having been important in the last few centuries (e.g., Ferguson and Hart, 1985) . Evidence for pre-Hispanic turquoise mining has been recognized across much of the southwestern United States and its adjacent regions. Evidence for this ancient mining activity roughly extends from the Halloran Hills of southeastern California to the Cerrillos Hills of northern New Mexico, and from southern Nevada and Colorado to Sonora, Chihuahua, and Zacatecas, Mexico ( Fig. 1 ; Morrissey, 1968; Warren and Weber, 1979; Leonard and Drover, 1980; Warren and Mathien, 1985; Weigand, 1994; Mathien, 1998; Modreski and Murphy, 2002) . Unfortunately, detailed archaeo logical studies of ancient turquoise mines are rare, and little is known about the timing of their exploitation or the cultural identities of the miners (for exceptions, see Leonard and Drover, 1980; Warren and Mathien, 1985) . To understand the acquisition and exchange of turquoise among pre-Hispanic societies, a reliable, quantitative method for linking turquoise artifacts to their geologic sources is needed.
The first scientific efforts to identify the sources of archaeological turquoise employed trace-element analyses to infer links between artifacts and mines (Sigleo, 1975; Weigand et al., 1977) . Trace-element analysis remained the dominant approach to investigating turquoise provenance for three decades (e.g., Sigleo, 1975; Mathien, 1981; Kim et al., 2003) , but most investigations were small scale, and at least one was unable to separate mines based on trace-element profiles (e.g., Mathien and Olinger, 1992) . The one large-scale program devoted to turquoise sourcing measured the trace-element compositions of thousands of archaeological and geological turquoise samples by neutron activation (Weigand et al., 1977; Harbottle and Weigand, 1992; Weigand, 1994; Weigand and Harbottle, 1993) . However, the numerical data associated with this program were never published, making it impossible to evaluate the conclusions drawn from this research, including, most notably, the oft-repeated proposition that Mesoamerican societies acquired turquoise through trade with what is now the southwestern United States (e.g., Harbottle and Weigand, 1992) .
One challenge of using trace elements to identify the sources of turquoise artifacts is the significant variation observed in both the composition and physical characteristics (e.g., color, hardness, associated minerals) of turquoise mineralization on the scale of deposits, outcrops, and hand samples (e.g., see Foord and Taggart, 1998) . In addition, a trace-element approach requires that all potential sources be known and sufficiently characterized. However, many pre-Hispanic turquoise mines have been altered, buried, or destroyed by later his torical or modern mining activity (see Thibodeau et al., 2012a , and references therein).
More recent efforts to characterize turquoise sources and artifacts have employed copper and hydrogen isotopic ratios measured by secondary ion mass spectrometry Hull and Fayek, 2012; Hull et al., 2008 Hull et al., , 2014 Othmane et al., 2015) . Although novel, so far this approach remains descriptive, as its proponents do not explain observed differences in the dD and d
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Cu values of turquoise samples with regard to either the geographic distribution or geologic settings of different mines. Furthermore, although an initial study showed reasonable homogeneity of dD and d
Cu values across multiple samples from two deposits (Hull et al., 2008) , it is not evident whether the iso topic fingerprints of turquoise deposits published by Hull et al. (2014) were determined from a large number of samples from each source area or whether they represent multiple analyses of a small number of samples. The potential for substantial variation in the d
Cu or dD values of turquoise mineralization across a source area must be rigorously evaluated, because both H and Cu isotopes can undergo significant fractionation in the low-temperature supergene environments where turquoise forms (e.g., Mathur et al., 2009) .
In this study, we evaluate Pb and Sr isotopic measurements as tools to distinguish among turquoise deposits in the southwestern United States and northern Mexico. In the Southwest, turquoise deposits have formed through the weathering of different types of copper-, phosphorous-, and aluminum-bearing rocks that have different ages, tectonic settings, and isotopic compositions. Because weathering processes do not significantly fractionate Pb or Sr isotopes, we expect isotopic variation within turquoise mineralization to be primarily inherited from its surrounding geologic environment. This work extends a previous local study of turquoise provenance (Thibodeau et al., 2012a) and characterizes the Pb and Sr isotopic compositions of 137 geological samples of turquoise collected from 19 mining districts in Arizona, New Mexico, Colorado, Nevada, and California in the United States, and the state of Sonora in Mexico (Fig. 1) . We discuss the isotopic signatures of these turquoise deposits within the context of known regional variations in the Pb and Sr isotopic characteristics of crustal rocks and assess the geologic basis for geographic variations in the isotopic signatures of turquoise from different mining districts. We also examine the archaeological implications of these data for future efforts to identify the sources of turquoise arti- facts. Finally, we use the isotopic data collected on geological samples of turquoise to identify the sources of turquoise artifacts from three late pre-Hispanic (ca. A.D. 1250-1400) archaeological sites located in western New Mexico. This case study provides a test of our methodology and demonstrates the potential for Pb and Sr isotopic measurements to provide new insight into turquoise mining and exchange in pre-Hispanic North America.
GEOLOGIC SETTINGS OF TURQUOISE DEPOSITS IN THE SOUTHWEST UNITED STATES
Turquoise [CuAl 6 (PO 4 ) 4 (OH) 8 ·4(H 2 O)] is a blue-green copper aluminum phosphate and one of six isostructural end members of the turquoise group, between which both partial and complete solid-solution series exist (Foord and Taggart, 1998; Abdu et al., 2011) . Foord and Taggart (1998) noted that most turquoise described in the literature is likely planerite, a copper-deficient turquoise-group mineral characterized by a dominant A-site vacancy. However, due to the range of compositions possible in turquoisegroup minerals, we retain the term turquoise (sensu lato) for the remainder of this study.
Turquoise is a supergene mineral formed by the weathering of copper-, phosphorous-, and aluminum-bearing rocks, with significant deposits found only in semiarid or arid regions. It is usually formed within 30 m of the surface and, in the southwestern United States, typically occurs as veins, nodules, and open-space fillings in highly altered and fractured felsic igneous rocks, especially monzonites, latites, and trachytes. Often, the igneous rocks that host turquoise are similar in age to the source of the copper, which may be in the form of chalcopyrite or cupriferous pyrite (e.g., Paige, 1912; Pearl, 1941) . The oxidation of pyrite or other sulfides by meteoric waters, with the generation of sulfuric acid, is thought to be essential to leaching the phosphorous required for turquoise formation (Paige, 1912; Akright, 1979) . In most of the deposits considered here, the source of phosphorous for turquoise is presumed to be accessory igneous apatite, and likely sources of aluminum include potassium feldspar, kaolinite, and sericite.
In the southwestern United States, turquoise is generally associated with felsic igneous rocks that have different ages and tectonic settings. In California, southern Nevada, Arizona, and western New Mexico, turquoise principally occurs within or around Late Cretaceous or Early Tertiary (Laramide) igneous complexes that are spatially and temporally associated with copper porphyry mineralization. In a few cases, turquoise deposits are associated with Jurassic copper porphyry deposits or prospects, most notably, in the Courtland-Gleeson and Bisbee Districts of southern Arizona. In contrast, turquoise deposits in central New Mexico and Colorado have formed via the weathering of Oligocene igneous complexes emplaced or erupted during the early stages of crustal extension along the Rio Grande rift. These igneous complexes, located on the eastern margin of the North American Cor di llera, are typically associated with alkaline gold deposits and minor copper porphyry or skarn mineralization (McLemore, 1996; Kelley and Ludington, 2002) . In a subset of these sources, turquoise deposition has also occurred in Protero zoic rocks that are adjacent to or host copper deposits and their associated igneous rocks (e.g., Paige, 1912; Crawford and Johnson, 1937; Modreski and Murphy, 2002) .
A few southwestern turquoise deposits have more unusual contexts. For example, turquoise from worked-out mines near Canyon Creek on Arizona's Fort Apache Reservation is found as nodules in the upper member of the Dripping Spring Quartzite, a feldspar-rich, clastic member of the Proterozoic Apache Group (Granger and Raup, 1964; Moore, 1968) . In southern New Mexico's Orogrande mining district, turquoise is found both as veins in quartz monzonite and as nodules in a shale unit of the Laborcita Formation (Hidden, 1893; Lueth, 1998; Crook, 2002; North, 1982) . In the latter setting, the weathering of sedimentary phosphate minerals in the shale provided the source of phosphate for turquoise (Crook, 2002; Lueth, 1998) . Turquoise mineralization is also abundant in central and northern Nevada, where it has been reported in igneous, sedimentary, and metamorphic rocks (Morrissey, 1968) . We have not yet sampled most of these deposits and thus do not discuss them further in this paper. However, we do consider turquoise mines of the Royston District in central Nevada, where turquoise occurs in association with an Early Jurassic copper porphyry system (Morrissey, 1968; Seedorff, 1991;  Fig. 1 (Farmer and DePaolo, 1984; Anthony and Titely, 1988; Lang and Titley, 1998) , and in Oligocene igneous rocks from Colorado (Lipman et al., 1978; Varga and Smith, 1984; Riciputi et al., 1995) and northern and central New Mexico (Johnson and Lipman, 1990; Allen and Foord, 1991 Sr ≈ 0.704-0.708), which may reflect their derivation from the fractional crystallization of mantlederived melts and/or the isotopic character of the lower-and upper-crustal rocks with which those melts interacted (e.g., see Riciputi et al., 1995; Kelley and Ludington, 2002) .
Pb isotopic ratios of igneous rocks are also sensitive to age, source, and composition, and, because Pb and Cu behave similarly in hydrothermal fluids, they are often used to infer the sources of metals in ore deposits (e.g., Bouse et al., 1999 Albarède et al., 2011; Bouchet et al., 2014) .
In the southwestern United States, one of the most important controls on the Pb isotope geochemistry of copper porphyry deposits and their associated felsic igneous rocks is their location within different Proterozoic crustal provinces (Bouse et al., 1999;  Fig. 1 ). The Southwest is underlain by Proterozoic crust that formed between ca. 1.65 and 1.8 Ga (Wooden and Miller, 1990; Wooden and DeWitt, 1991; Karlstrom et al., 2004; Whitmeyer and Karlstrom, 2007 , and references therein). Isotopic mapping of regional basement rocks in Arizona and adjacent parts of New Mexico, California, and Nevada has delineated separate Pb and Nd isotopic provinces (Farmer and DePaolo, 1983; 1984; Bennett and DePaolo, 1987; Wooden et al., 1988; Wooden and Miller, 1990; Wooden and Dewitt, 1991) . Relevant to this study are Pb isotopic measurements of Proterozoic basement rocks, which indicate that Pb within discrete segments of this crust evolved from different as doi:10.1130/B31135.1 Geological Society of America Bulletin, published online on 3 June 2015 initial Pb isotopic compositions under different time-integrated U/Pb and Th/U ratios (e.g., Wooden and Miller, 1990; Wooden and DeWitt, 1991; Bouse et al., 1999) .
In Arizona and adjoining parts of California and New Mexico, Pb isotopes define, from northwest to southeast, the Mojave, central Arizona, and southeastern Arizona provinces ( Fig. 1; see Bouse et al., 1999 , and references therein). Sulfide minerals and felsic igneous rocks associated with Laramide porphyry copper deposits in Arizona have Pb isotopic ratios that reflect these variations and are thus inferred to have inherited Pb from basement rocks or their sources (Bouse et al., 1999) . To the east, the isotopic compositions of Pb in the Cenozoic ore deposits and felsic igneous rocks of New Mexico and southern Colorado also broadly reflects the inheritance of Pb from Proterozoic basement rocks or from crustal sources that evolved from them (Lipman et al., 1978; Doe et al., 1979; Stacey and Hedlund, 1983; Varga and Smith, 1984; Riciputi et al., 1995; Thibodeau et al., 2013) . Because turquoise forms in the weathered portions of many copper porphyry deposits, Proterozoic crustal provinces of the Southwest, as defined by Pb isotopes, provide an important basis upon which to interpret the source of turquoise.
Turquoise deposits have traditionally been defined geographically in terms of "source areas" rather than as individual mines (e.g., Weigand and Harbottle, 1993; Sigleo, 1975; Welch and Triadan, 1991; Hull et al., 2008) . This term captures the nature of turquoise mineralization, which may form in discontinuous pockets across large areas. In most cases, these source areas, as historically defined, correlate with sets of turquoise mines and occurrences that broadly share a common geological setting. However, we caution that the correlation between the geography of these source areas and the geologic setting of individual mines within them is potentially complex.
SAMPLES AND METHODS
We measured isotopic ratios of 137 samples of turquoise from 19 mining districts across southeastern California, southern Nevada, Arizona, New Mexico, and Colorado in the United States, and in northern Sonora, Mexico (Fig. 1 ). Where appropriate, we identify turquoise source areas by using the name of the associated copper deposits or mining districts, but we caution that multiple names exist for some localities. Data on turquoise from the Silver Bell District are taken from a previous study that analyzed turquoise artifacts found near ancient mines in the area (Thibodeau et al., 2012a) . Although turquoise has been recorded in a larger number of deposits in the Southwest than is considered here (Anthony et al., 1995; Northrop, 1975; Morrissey, 1968) , we primarily focus on mining districts for which there exists significant documentary or archaeological evidence to suggest mining by pre-Hispanic groups.
Some source samples were collected directly from outcrops or tailings piles in the field, while others were derived from museum collections or were donations from other scientists or private collectors (see Table DR1 1 ). Most of this study's samples were obtained from a geological collection of turquoise curated at the Museum of Northern Arizona. This collection was amassed by archaeologist Phil C. Weigand in the 1970s and 1980s during his efforts to record the location of pre-Hispanic turquoise mines in the southwestern United States and Mexico. In most cases, we were able to analyze samples from multiple locales within a source area. However, because most samples represent surface collections or are museum specimens, we do not break down most source areas into individual mines or localities. As our primary objective is to broadly distinguish among source areas, this approach both fits our interpretive goals and the realities associated with acquiring samples.
Because turquoise is typically cryptocrystalline, compositionally variable, and closely associated with a variety of other minerals, reconstructing ancient turquoise procurement and exchange requires a robust method that can identify the sources of turquoise artifacts with a wide range of physical characteristics, including the presence of non-turquoise matrices and inclusions. Thus, turquoise samples analyzed in this study varied significantly in their quality, purity, and color. In most cases, samples of turquoise were only modified to remove attached host rock if present in significant amounts.
Geological samples of turquoise were prepared and analyzed between 2007 and 2013 in the Department of Geosciences at the University of Arizona. Typical sample weights ranged from 25 to over 200 mg, depending upon estimates of their Pb and Sr contents and the size and quantity of available specimens. Before analysis, all samples were rinsed in either ultrapure Milli-Q (MQ) water or a very dilute acetic acid solution to remove any external or particulate contaminants on the surface of the sample (samples rinsed in acetic acid were subsequently rinsed in MQ water, as well). After drying, all samples were ground in a clean alumina mortar and pestle, and weighed. We applied two different dissolution methods to the samples. Most samples were dissolved using several milliliters of twice-distilled concentrated hydrochloric acid (HCl) in order not to dissolve any silicate minerals present. However, a small subset of the samples (n = 17) was digested using twice-distilled hydrofluoric acid (HF), nitric acid (HNO 3 ), and HCl (Table 1) . Any residual material remaining after digestion was removed by centrifuging. Pb and Sr were separated from the same samples using Sr Spec resin (Eichrom). Sr isotopic ratios were measured using a VG Sector 54 multicollector thermal ionization mass spectrometer in dynamic collection mode at the University of Arizona. The Sr measurements are reported in Table 1 . The average value of the NBS 987 standard over all sample runs was 0.710259 ± 0.000013 (n = 54, 1s).
The procedures for Pb isotopic analyses are detailed elsewhere (Thibodeau et al., 2007 (Thibodeau et al., , 2012a (Thibodeau et al., , 2012b Pb range from 0.02% to 0.04% at the 2s level. In the case of all samples reported here, external errors exceed the internal errors associated with the measurement of Pb isotopic ratios in individual samples. Typical total process blanks were 100-250 pg for Pb and <100 pg for Sr, which are negligible compared to the total Pb and Sr extracted from samples.
RESULTS AND DISCUSSION

Data Summary and Presentation
Our analyses reveal a wide range of isotopic variation in turquoise samples from deposits in the southwestern U.S., with measured (Table 1; Figs. 2 and 3). We also observe that turquoise samples from the same mining district generally had similar isotopic ratios no matter which acid dissolution protocol was used, a finding consistent with the conclusions of Thibodeau et al. (2012a) . Thus, all data in Table 1 as doi:10.1130/B31135.1 Geological Society of America Bulletin, published online on 3 June 2015 turquoise samples treated with HF. We thus recommend that future investigations use only HCl to dissolve samples. This protocol will minimize the potential for misidentifying the provenance of archaeological turquoise samples that are associated with matrices or impurities that have different isotopic ratios.
The turquoise sources addressed in this paper are divided into three main groups for discussion, as shown in Figure 1 . Group 1 includes turquoise deposits located in the Mojave province (e.g., Mineral Park District, the Halloran Springs District, and at Crescent Peak); group 2 includes turquoise deposits in the southeastern Arizona province (e.g., Courtland-Gleeson, Cananea, Eureka, Tyrone, White Signal, Morenci, and Canyon Creek mining districts, as well as from the Sleeping Beauty and Castle Dome mines within the Globe-Miami District); and group 3 includes the turquoise deposits located along the margins of the Rio Grande rift valley (e.g., Cerrillos and Orogrande mining districts of New Mexico, as well as sources near Manassa, Villa Grove, Cripple Creek, and Leadville in Colorado). The isotopic ratios of turquoise samples from the Royston District (group 4) are discussed separately because they represent the only samples from the Great Basin in this study.
Because this study is primarily concerned with the potential for Pb and Sr isotopes to differentiate among turquoise deposits (and the absolute ages of southwestern turquoise mineralizations have not been determined), we do not correct Pb or Sr isotopic compositions of turquoise for age. In the discussion that follows, we assume that isotopic variations within turquoise deposits are inherited from the weathering of the surrounding geologic environment, and isotopic evolution due to in-growth of radiogenic Pb and Sr is negligible. This assumption is justified by the goals of this paper, and by the observation that turquoise deposits are near-surface weathering products and are therefore likely to be geologically young.
Group 1: Turquoise Deposits of the Mojave Province
Turquoise mineralization is abundant in several mining districts near the junction of the Cali fornia, Arizona, and Nevada State lines (Fig. 1) . This area is underlain by the basement rocks of the Paleoproterozoic Mojave province. Isotopically, basement rocks of the Mojave province are distinguished from other crustal blocks in the southwestern United States by Pb isotopic ratios that indicate higher and variable time-integrated Th/U values (4-15) since 1.7 Ga and a unique initial Pb isotope composition (Wooden et al., 1988; Wooden and DeWitt, 1991; Bouse et al., 1999) . Pb isotopic data for Mojave basement rocks define a Pb-Pb array with an age of ca. 1.7 Ga (Figs. 3B and 4B; Wooden and Dewitt, 1991) . In this region, turquoise typically occurs within or around the weathered portions of Late Cretaceous felsic igneous rocks (especially quartz monzonites) and their associated copper deposits or prospects. Pre-Hispanic mining has been documented in the Halloran Springs District of San Bernardino County, California (Leonard and Drover, 1980 , and references therein), on the south and west flanks of Crescent Peak in Clark County, Nevada (Morrissey, 1968) , and in the Mineral Park District on the western slopes of Arizona's Cerbat Mountains ( Fig. 1 ; Johnston, 1964; Sterrett, 1909 Pb plot, turquoise samples generally plot on or near the 1.7 Ga isochron defined for the Mojave province by Wooden and DeWitt (1991) and Wooden and Miller (1990) (Figs. 3B and 4B ). These isotopic characteristics are consistent with the unique initial Pb isotopic composition, relatively low U/Pb, and high and variable Th/U values calculated for rocks in the Mojave province (Wooden and Miller, 1990; Wooden and DeWitt, 1991; Bouse et al., 1999) . Thus, turquoise deposits in this region can be inferred to have acquired Pb from either the weathering of near-surface Proterozoic rocks or the weathering of Mesozoic igneous rocks and sulfides that have inherited the isotopic characteristics of the Mojave terrane.
To demonstrate that turquoise mineralization has Pb isotopic ratios consistent with those of the surrounding geologic environment, we consider Pb isotopic measurements of turquoise samples from the Mineral Park District, where Pb isotopic ratios of sulfides, Laramide igneous rocks, and outcropping Proterozoic rocks have been published by previous workers (Wooden and DeWitt, 1991; Bouse et al., 1999) . We measured samples from three localities at Mineral Park, including well-documented turquoise as doi:10.1130/B31135.1 Geological Society of America Bulletin, published online on 3 June 2015 mines on Ithaca Peak and Turquoise Mountain, both sites of significant ancient mining activity (Sterrett, 1909; Johnston, 1964) . Turquoise samples collected from Ithaca Peak have a narrow range of Pb isotopic ratios that match those of chalcopyrite, pyrite, and galena from the Mineral Park porphyry copper deposit ( Fig. 4 ; Bouse et al., 1999) . We can therefore infer that the supergene mineralization on Ithaca Peak likely incorporated Pb released during the oxidation of sulfide minerals. Turquoise samples from Turquoise Mountain, a place historically referred to as Aztec Peak (Johnston, 1964; Sterrett, 1909) Wooden and DeWitt, 1991) . Thus, we infer Pb incorporated into the turquoise deposits on Turquoise Mountain was derived from a similar Proterozoic source. Turquoise from elsewhere in the district has Pb isotopic ratios that are different from those known to have been collected on Ithaca Peak and Turquoise Mountain, but that also fall well within the range of Pb isotopic signatures reported for sulfides, stocks, and Proterozoic rocks in the Cerbats (Fig. 4) .
Group 2: Turquoise Deposits of the Southeastern Arizona Province
Another major cluster of turquoise sources lies in southeastern Arizona and adjacent areas of New Mexico and Sonora, Mexico (Fig. 1) . This region is underlain by basement rocks of the southeastern Arizona province (see Fig. 1 ; Bouse et al., 1999 , and references therein). Pb isotopic signatures of Proterozoic rocks in the southeastern Arizona province indicate time-integrated Th/U values of ~4 since 1.7 Ga and an initial Pb isotopic composition that is different from that of Mojave crust (Wooden and Miller, 1990; Wooden and DeWitt, 1991; Bouse et al., 1999) . As in the Mojave province, Pb isotopic ratios of basement rocks in Arizona define an array with an age of ca. 1.7 Ga (Fig. 3B ; e.g. see Wooden and Miller, 1990) . Except along its northwestern margin, the southeastern Arizona province is correlative with the tectono-stratigraphically defined Mazatzal Province (Bouse et al., 1999) , which underlies most of New Mexico as well. Turquoise deposits in the southeastern Arizona province are generally found in the weathered portions of Late Cretaceous-Early Tertiary felsic igneous rocks that have associated porphyry copper mineralization, although in a few cases, turquoise deposits are hosted by sedimentary and igneous rocks of Proterozoic to mid-Cenozoic as doi:10.1130/B31135.1 Geological Society of America Bulletin, published online on 3 June 2015 age. Evidence of pre-Hispanic turquoise extraction has been reported in many mining districts of southeastern Arizona and its surrounding regions, but it is especially well documented in the Courtland-Gleeson District (e.g., Crawford and Johnson, 1937; Weigand and Harbottle, 1993) , the Silver Bell District (Slawson, 1997) , the Eureka District (e.g., Hidden, 1893; Lasky, 1947; Weigand and Harbottle, 1993; McLemore et al., 1996) , the Burro Mountains, especially near Tyrone (e.g., Snow, 1891; Gillerman, 1964; Northrop, 1975) , and at Canyon Creek (Welch and Triadan, 1991) .
As previously noted, most turquoise deposits in the southeastern Arizona province have similar Sr isotopic signatures to deposits in the Mojave province and are characterized by Sr ratios consistently below 0.710. Despite the similarity in Sr isotopic signatures, the Pb isotopic compositions of turquoise deposits in the southeastern Arizona province strongly contrast with those of the Mojave province (Fig. 3) (Wooden and Miller, 1990; Wooden and DeWitt, 1991; Bouse et al., 1999) . Thus, we can conclude that many turquoise deposits in this region have acquired Pb from the weathering of rocks and ores which have Pb isotopic compositions that are characteristic of the southeastern Arizona province.
There is also geographic variation in the Pb isotopic ratios of turquoise deposits within the region. Pb ratios than turquoise samples from Cananea, Courtland-Gleeson, and Silver Bell. These results are consistent with those of Bouse et al. (1999) , which demonstrated that age-corrected and present-day Pb isotopic ratios of Late Cretaceous-Early Tertiary igneous rocks and contemporary sulfide minerals differ in the northern and southern parts of the southeastern Arizona province and define two subprovinces (Figs. 1 and 5) .
Despite this coherence, the range of iso topic signatures observed in several turquoise deposits in the southeastern Arizona province substantially exceeds the range observed in Laramide igneous complexes and sulfides (Fig. 5) . These results reflect the specific geologic settings of some turquoise deposits in southeastern Arizona. to the right of the array formed by other data from the southeastern Arizona province (Fig. 5) . This composition could have only been derived from a young, relatively high-U/Pb, low-Th/U source. Pb isotopic ratios of turquoise samples from Sleeping Beauty (see Peterson, 1962) are more radiogenic than in most other deposits of the southeastern Arizona province, and while they show a "young" Pb ratios, indicating the incoporation of Pb from a relatively old, high-U/Pb source (Fig. 5B) . The radiogenic Pb isotopic compositions of turquoise from Canyon Creek are consistent with the fact that the Dripping Spring Quartzite, which hosts the turquoise, contains uranium deposits of Proterozoic age (Nutt, 1984) .
Group 3: Turquoise Deposits of the Rio Grande Rift Valley
In central New Mexico and Colorado, turquoise mineralization has primarily formed via the weathering of igneous rocks emplaced along the eastern edge of the North American Cor di llera during the transition from compressional to extensional tectonics across the region in early Oligocene time (Kelley and Ludington, 2002) . Although Pb isotope provinces are not defined for this part of the Southwest, basement rocks of the Mazatzal and Yavapai provinces are inferred to underlie most of New Mexico and southern Colorado (Karlstrom et al., 2004; Whitmeyer and Karlstrom, 2007, and reference therein) . Notably, this area contains the Cerrillos Hills, a significant source of turquoise in pre-Hispanic North America (e.g., Blake, 1858; Disbrow and Stoll, 1957; Schroeder, 1979; Warren and Weber, 1979; Warren and Mathien, 1985; Milford, 1995; Mathien, 1998) . Other important sites of ancient turquoise mining are found in the Orogrande mining district in southern New Mexico (Hidden, 1893) , and at the King mine, near Manassa, in Colorado's San Luis valley (e.g., Pearl, 1941; Modreski and Murphy, 2002; Burroughs, 1972) . We also analyzed samples from modern turquoise mines near Villa Grove (Hall mine), Cripple Creek (Florence mine), and Leadville (Turquoise Chief mine) in Colorado, but we do not know if there were ancient mines associated with these deposits. Sr ratios than most samples from deposits in the Mojave and southeastern Arizona provinces (Fig. 2) Sr values for felsic Oligocene rocks in this region when compared to Late Cretaceous-Early Tertiary igneous rocks in Arizona (e.g., compare data from Riciputi et al. [1995] and Kelley and Ludington [2002] to Lang and Titley [1998] Sr >0.710) measured in turquoise samples from Cripple Creek and Leadville may be derived from the Precambrian rocks that host turquoise at these two locations (Pikes Peak Granite at Cripple Creek and St. Kevin's Granite at Leadville; Modreski and Murphy, 2002) .
The Pb isotopic ratios of turquoise deposits along the Rio Grande rift valley are similar to those measured in turquoise from the southeastern Arizona province (Fig. 3) (Lipman et al., 1978; Doe et al., 1979; Stacey and Hedlund, 1983; Varga and Smith, 1984; Riciputi et al., 1995; Thibodeau et al., 2013) . Most of New Mexico and southern Colorado is underlain by the Mazatzal Province , which, in southeastern Arizona, is also the southeastern Arizona province. Thus, the similar Pb isotopic compositions of turquoise deposits from Rio Grande rift valley and the southeastern Arizona province are consistent with the similar ages and sources for the basement rocks that underlie each region.
Group 4: Turquoise from the Great Basin
Although turquoise mineralization is abundant in central and northern Nevada (Morrissey, 1968), we have thus far only measured isotopic ratios for turquoise samples from the Royston District (Fig. 1) . Turquoise in this district is found in a quartz monzonite porphyry of probable Late Triassic to Early Jurassic age (Seedorff, 1991) . This unit is similar to a quartz monzonite porphyry in the nearby Crow Springs District, where prospects for turquoise are also known. Compared to other deposits in this study, turquoise from Royston is characterized by relatively low Vikre (2000) . The substantial literature on the Sr, Nd, and Pb isotopic compositions of granitic rocks in the Great Basin (e.g., Farmer and DePaolo, 1983; Bennett and DePaolo, 1987; Wright and Wooden, 1991; Vikre, 2000) will provide a framework in which to interpret the isotopic ratios of turquoise from this area in future studies.
IMPLICATIONS FOR ARCHAEOLOGICAL PROVENANCE STUDIES
Across the southwestern United States and northern Mexico, turquoise deposits in different geographical regions have distinct isotopic characteristics. Isotopic differences between groups of deposits can be mostly ascribed to large-scale, regional variations in the tectonic and geologic settings of turquoise sources. The geographic clustering of turquoise sources with similar Pb and Sr isotopic signatures has several important implications for studying the provenance of archaeological turquoise. First, if an artifact has an isotopic composition consistent with more than one source, these sources are likely to be in close geographic proximity. Second, if an artifact's Pb and Sr isotopic ratios do not directly match measured ratios of any known source, it will still be possible to infer the region from which that turquoise originated. Because turquoise was clearly moved over long distances in the ancient Southwest and Mesoamerica, Pb and Sr isotopes are appropriate tracers for inferring the provenance of turquoise at the geographic scale required to answer many important archaeological questions. Furthermore, our inclusion of turquoise samples with a diverse range of physical characteristics (color, hardness, visible impurities) demonstrates the potential for Pb and Sr isotopes to resolve the source or region of origin for almost any turquoise artifact.
The three isotopic ratios for Pb as well as Sr ratios observed across this data set, the heterogeneity of the samples, and large differences in the number of samples available from each source, more data are needed in order to fully define Sr isotopic variation at both the regional scales and within individual sources. At this time, we are unable to determine if the large amount of Sr isotopic variation observed in turquoise samples from some source areas is a property of the turquoise itself, the result of impurities dissolved or leached during sample digestion, or some combination of these two possibilities. How- Sr, and when both isotopic systems are used together, they provide enough information to fingerprint many turquoise source areas and, sometimes, individual mines within them. We have demonstrated that Proterozoic crustal provinces in the Southwest, as defined by Pb isotopes, exert a first-order control on the Pb isotopic composition of turquoise. For example, Pb isotopic ratios can be distinguished among deposits according to their location in either the Mojave or southeastern Arizona provinces (Fig. 3) . In the southeastern Arizona province, Pb isotopes provide additional resolution, with isotopic ratios of turquoise reflecting the location of deposits in either the northern or southern subprovinces (Figs. 1 and 5). Turquoise samples from Canyon Creek, Sleeping Beauty, and Courtland diverge from the trends of other samples on Pb-Pb plots, but these differences only increase our ability to distinguish among sources. Although there is substantial overlap in the Pb isotopic compositions of turquoise deposits in the southeastern Arizona province and along the Rio Grande rift valley (Fig. 3) Fig. 1 ). The sites were investigated as part of the Cibola Archaeological Research Project, which examined pre-Hispanic settlement patterns in the Zuni-El Morro region (Watson et al., 1980) . Turquoise was recovered through survey (i.e., surface finds) as well as the excavation of test units and architectural features (see Table DR1 for information on turquoise artifacts [see footnote 1]). Samples were prepared and analyzed according to the same procedures as geological samples of turquoise, and their isotopic ratios are given in Table 2 . The Pb and Sr isotopic measurements reveal most of these artifacts to have signatures uniquely consistent with the turquoise deposits of the Cerrillos Hills, which are located ~200 km (125 miles) east of the El Morro Valley (Fig. 1) Sr ratios <0.710, the Pb isotopic compositions of the Zuni artifacts only closely match those of the Cerrillos Hills (Fig. 7) . We note that a good match between isotopic ratios in these artifacts and samples of Cerrillos turquoise is present no matter which isotopic ratios are plotted against each other ( For the Zuni, the traditional use of turquoise in everyday and ceremonial contexts extends deep into antiquity. Turquoise continues to be used as an important offering, deposited in shrines and decorating objects like fetishes and adornments (Bunzel, 1932; Hill, 1947; Parsons, 1939; Stevenson, 1904) . Zuni traditional history identifies the Cerrillos Hills as an ancient source of turquoise (Ferguson and Hart, 1985) . First documented by Blake in 1858, the mines of the Cerrillos District were likely among the most significant sources of turquoise in pre-Hispanic North America, and their archaeology and geology have been widely studied (e.g., Blake, 1858; Schroeder, 1979; Warren and Weber, 1979; Warren and Mathien, 1985; Milford, 1995; Mathien, 1998) . Pottery assemblages around ancient turquoise mines at Cerrillos suggest that the most intensive mining occurred between the fourteenth and seventeenth centuries (Mathien, 1998; Warren and Mathien, 1985) . Occupation of the Cienega Site, Mirabal Ruin, and Pueblo de los Muertos, as evidenced through ceramic and tree-ring data, overlapped the early portion of this range (see Kintigh, 1985) . There is thus good agreement among the isotopic data, the archaeological record, and Zuni traditions of ancient mineral exploitation. This consistency provides strong evidence that Zuni ancestors in the El Morro Valley acquired turquoise from the mines at Cerrillos and suggests that Pb and Sr isotopes are accurate tracers of turquoise sources.
CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDY
With these results, we suggest that Pb and Sr isotopes will be powerful tools for interpreting pre-Hispanic turquoise procurement and exchange in the southwestern United States and Mesoamerica. We conclude that (1) Pb and Sr isotopic ratios are effective discriminators of turquoise sources at multiple scales and (2) isotopic signatures of turquoise sources vary geographically based on broad-scale differences in their geologic settings. An isotope-based study thus permits an approach to archaeological questions of turquoise provenance that is geologically informed and can be directly quantified.
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